~" The concentration of gamma globulins is greatly increased in the cerebrospinal fluid (CSF) during inflammatory and degenerative disorders of the central nervous system (CNS). The mechanism by which immunoglobulins enter the CSF under normal conditions is unknown. The extent of participation of the blood-brain barrier in protein delivery to the CSF is unclear, although the choroid plexus is known to have primary responsibility for the formation and movement of certain proteins into the CSF. To investigate the role of the choroid plexus in immunoglobulin delivery to the CSF, the authors evaluated rat brain tissue by light and electron microscopic immunohistochemical technique using the peroxidase technique of immunoglobulin (Ig)G and IgA detection. Peanut agglutinin was used to identify macrophages, cells known to have important immune functions and which have been reported as a normal component of the choroid plexus. Antisera to IgG and IgA demonstrated diffuse surface staining of the choroidal epithelial cells with light and electron microscopy; the cytoplasm and nuclei did not contain immunoglobulins. Macrophages were not present in the choroid plexus, in contrast to previous reports. The results demonstrate that immunoglobulins do not enter the CSF via the choroid plexus, unlike other proteins in similar concentrations in the CSF. In addition, macrophages are shown to be an insignificant component of the plexus, thereby further diminishing the likelihood of participation of the choroid plexus in the regulation of immunoglobulin entry into the CNS under normal conditions. KEY WORDS 9 immunoglobulin 9 choroid plexus 9 immunohistochemistry 9 cerebrospinal fluid 9 drug delivery 9 electron microscopy 9 rat
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AMMA globulins are normal constituents of the cerebrospinal fluid (CSF) which often exhibit greatly increased concentrations as a result of inflammatory and degenerative disorders of the central nervous system (CNS). '4 It is known that the immunoglobulins found in demyelinating disorders are primarily produced by immunocompetent cells of the CNS; however, the gamma globulins found in CSF under normal conditions are thought to be derived from the serum? 5 Several investigators have shown that the choroid plexus, which has primary responsibility for CSF formation, is capable of synthesis and secretion of large-molecular-weight proteins, ~ '2 thereby contributing to the final composition of CSF. It is unknown, however, to what extent the choroid plexus participates in the normal regulation of gamma globulin concentrations in the CSF. J t,~4,~5 The demonstration of receptors for the Fc portion of immunoglobulin (Ig)G on choroidal epithelial cells 16 suggests transepithelial passage of these large molecules.
Little is known about the normal means by which immunoglobulins arrive in the CSF. Hence, we have studied the role of the choroid plexus in immunoglobulin transport using immunohistochemical techniques with both light and electron microscopy. In addition, we have investigated the presence of macrophages, cells which have been reported to reside in the choroid plexus and are known to have important immunological functions.
Materials and Methods

Experimental Animals and Fixation
Four adult Sprague-Dawley rats, weighing an average of 300 gm, were lightly anesthetized with anhydrous ethyl ether, followed immediately by transcardial per-fusion-fixation with cold 2.5% glutaraldehyde in 0.1 M sodium-cacodylate (NaC) buffer, pH 7.35. The calvaria was rapidly removed, and the brain was flooded with the same fixative. The brains were then removed in toto, immersed in cold fixative, and serially sectioned in the coronal plane. For light microscopic examination, small pieces of choroid plexus and ependyma in brain tissue close to the lateral and third ventricles were transferred to Bouin's fixative (picric acid 0.6 liter, 37% formaldehyde 0.2 liter, acetic acid 0.04 liter, distilled water to 1 liter) for 4 hours, then embedded in paraffin. For electron microscopy, tissue near the lateral and third ventricles was fixed for 1 hour at 4~ with 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.35. Rat mesenteric lymph nodes, which contain abundant plasma cells, served as positive control tissue for the demonstration of immunoglobulins. Spleen and adrenal tissue served as negative control material.
Antisera and Controls
Rabbit anti-rat IgG (optimal dilution 1:1600) and sheep anti-rat IgA (optimal dilution 1:3200) were used as primary antibodies. Goat anti-rabbit IgG labeled with horseradish peroxidase (HRP, optimal dilution 1:1600) and rabbit anti-sheep immunoglobulins (optimal dilution 1:1600) were used as labeling and linking antibodies, respectively. Specificity of rabbit anti-rat IgG and sheep anti-rat IgA was demonstrated by agarose gel immunoelectrophoresis. Sections treated with primary antibody omitting the HRP-labeled antibody or with HRP-labeled antibody omitting the primary antibody were used as controls.
Immunohistochemistry and Histochemistry
Serial sections of 3-to 4-urn thickness were mounted on glass slides, then dried at 56"C for 30 minutes. The sections were transferred serially through xylene and alcohol (ethanol) and finally through 0.05 M phosphatebuffered saline (PBS), pH 7.4. Endogenous peroxidase activity was blocked by 30-minute incubation in 3% H202 in methanol, after which slides were rinsed in PBS, followed by 20 minutes of incubation with normal goat serum (diluted l:100 with PBS). Rabbit anti-rat IgG and sheep anti-rat IgA were each used as primary antibodies in separate experiments. Goat anti-rabbit IgG labeled with HRP was used as the labeling antibody for antisera to localize immunoglobulins. Rabbit antisheep immunoglobulins served as linking antibody between the sheep anti-rat IgA and the HRP-labeled goat anti-rabbit IgG. Primary antibodies were applied to the sections for 20 minutes, followed by a 20-minute PBS bath. Linking antibody, if needed, was then applied to the sections, with a subsequent 20-minute PBS bath. The sections were then exposed to the HRP-labeled antibody, and rinsed in another PBS bath, each for 20 minutes. Peanut agglutinin was applied to the tissue sections for l hour at room temperature. A solution of 0.06% 3,3'-diaminobenzidine tetrahydrochloride (DAB) with 0.01 M imidazole (pH 7.4) 17 and 0.1% H202 was applied to the sections for 30 minutes at room temperature to detect the HRP activity. 9 The sections were rinsed well in distilled water, counterstained with Mayer's hemalum, and mounted with Permount.* At least 10 sections of choroid plexus from each rat were incubated with each antiserum as well as peanut agglutinin, and examined by light microscopy.
Crude peanut agglutinin (derived from Arachis hypogaea) labeled with HRP (optimal concentration 0.01 mg/ml) is a lectin known to identify the Nacetyl-galactosamino sugar moiety present in macrophages. ~2' 13 This histochemical was used to identify histiocytes in the choroid plexus. Lymph nodes and splenic tissue containing numerous macrophages were used as positive controls; adrenal tissue served as the negative control.
Electron Microscopy
Tissue designated for nonimmune transmission electron microscopic examination was postfixed in 1% osmium tetroxide for 1 hour, routinely dehydrated in graded alcohol and acetone, and embedded in Spurr low-viscosity resin.t Thin sections were prepared and collected on copper girds, counterstained with uranyl acetate and lead citrate, then examined in a Philips 300 electron microscope at 60 kV.
Specimens selected for ultrastructural immunohistochemistry were exposed to 2% H202 in NaC buffer, pH 7.35, for 30 minutes to block endogenous HRP activity. After being rinsed in NaC buffer, one-third of the specimens were transferred into 1 ml of anti-IgG and anti-IgA antisera, respectively, diluted as described previously. The tissue was incubated for 2 hours at room temperature with continuous shaking. Incubation with the HRP-labeled antibody and with linking antibody was performed under the same conditions, followed by an overnight rinse in NaC buffer. Half of this tissue was exposed for 1 hour to 1% saponin in distilled water at 50"C before incubation with antisera. This step was performed to enhance intracellular penetration of subsequently applied immunological reagents. L~ The remaining tissue was incubated only with HRP-labeled antibody without application of primary antibody. The peroxidase activity of HRP used as a label was detected by means of the DAB reaction as described. All specimens were then rinsed and processed as described for nonimmune ultrastructural examination. Thin sections were examined without counterstaining in a Philips 300 electron microscope at 60 kV.
Results
The normal light and electron microscopic morphological appearance of adult rat choroid plexus is similar * Permount manufactured by Scientific Products, MeGaw Park, Illinois.
t Spurt resin obtained from Ernest F. Fullam, Inc., Schenectady, New York.
to that seen in all vertebrates, including humans, with only a few structural differences 6 (Fig. 1) . The adult rat choroid plexus consists of simple cuboidal epithelium with a single, round, centrally located nucleus. Ultrastructurally, microvillus projections are found at the apical aspect of the cell. Occasional cilia are seen as welt. Typical mitochondria, rough endoplasmic reticulum, ribosomes, or polyribosomes are present throughout the cytoplasm. Dense bodies (presumably lysosomes), fat droplets, and multivesicular bodies are often noted, but little glycogen is present. Pinocytic vesicles Incubation of rat choroid plexus with antisera to IgG and IgA resulted in diffuse surface staining of the cells, as seen by light microscopy. Neither the cytoplasm nor the nuclei were stained. Background staining was minimal in vessels, stroma, and the adjacent brain parenchyma. Ependymal cells in the same regions showed little noticeable staining with the immunological label; omission of the primary and secondary HRP-labeled antibody caused no deposition of reaction product in the epithelium. Positive controls showed strong immunostaining in lymphoid cells, and negative controls contained no reaction product.
Peanut agglutinin was applied to a total of 40 sections, but tissue histiocytes were not found in the choroid plexus epithelium nor in the associated stromal regions. The peanut lectin did not stain subjacent neurons or their associated structures, nor did ependymal cells or leptomeningeal structures reveal reaction product. Splenic tissue containing abundant histiocytes served as a positive control and demonstrated strong immunostaining in macrophages.
Choroid epithelial cells were examined by immunoelectron microscopy using antibodies to IgG and IgA in dilutions described above. Incubation of tissues with these reagents gave similar results. Reaction product was heavily deposited on the luminal aspect of the border of microvilli (Fig. 2) , indicating the presence of immunoglobulin in CSF. This labeling exclusively followed the contours of each microvillus without definite marking of the intracellular aspect of the microvilli. After saponin pretreatment, however, the surface staining was considerably diminished (Fig. 3) . Careful examination of the cytoplasm in the apical region of the cells did not reveal labeled pinocytotic vesicles. Similarly, there was no immunostaining of coated vesicles nor were there vesicles near the lateral cell borders ~8 (Fig. 3) . Mitochondria and nuclei were always free of reaction precipitate, although there were scattered lipid vacuoles containing material of intermediate-to-strong electron density which was not thought on the basis of controls to represent immunological reaction product (Fig. 3A, C, and D) . The Golgi apparatus and rough endoplasmic reticulum were always free of detectable reaction product, as were the cytoplasmic ribosomes or polysomes (Fig. 3A, C, and D) . The intercellular region and basal aspect of the epithelium including the stroma were similarly unstained (Fig. 3B) . When the primary antibody was omitted, reaction product could not be detected in any location. Immunoelectron microscopy using peanut agglutinin was not performed in view of the results obtained by light microscopy. 
Discussion
Cerebrospinal fluid is primarily formed by the choroid plexus through a combination of ultrafiltration and secretion. While the responsibility of the choroid plexus for the delivery of electrolytes and water to the CNS has been well established, 5 the mechanism by which proteins arrive in the CSF is poorly understood. The ability of choroid plexus cells to synthesize peptides was first established by Agnew and coworkers I using radiolabeled amino acids. We recently demonstrated that prealbumin (molecular weight 55,000), a protein important in thyroid hormone and retinol transport, is synthesized de novo by the choroid plexus, thereby establishing a firm role for the choroidal epithelium in the formation and delivery of protein to the CSF. 2 This finding provided an explanation for the disproportionately high concentration of prealbumin in CSF when compared to the relative serum concentration.
The establishment of a central role for the choroid plexus in the formation and secretion of prealbumin suggests that other proteins might also gain entry into the CSF through the choroidal epithelium. Other proteins present in the CSF are thought to be derived from serum; however, the mechanism by which the serum-CSF transfer occurs is largely unknown? Included within this group are the immunoglobulins, proteins which under normal conditions are thought to be almost entirely of serum origin. 15 It has been assumed, based on mathematical models derived from serum: CSF concentration ratios, that gamma globulins arrive in the CSF after crossing the blood-brain barrier. TM Although this barrier is generally thought to be intimately involved in CNS physiology, its nature and regulation are still debated. 6,8 The recent demonstration by Broadwell, et al., 4 of the movement of HRP from the blood to the brain in the region of the median eminence provides a possible alternative route for entry of macromolecules into the CNS. It is unknown whether this pathway contributes quantitatively to CSF protein composition.
Inflammatory and degenerative disorders of the CNS result in a marked increase in the content of gamma globulins in the CSF. 14 During these dysfunctional states, the gamma globulins are produced primarily by lymphocytes and plasma cells within the CNS. ~5 The mechanism by which immunoglobulins enter the CSF under normal conditions is unknown. Our data indicate that the choroid plexus is normally not an important route for gamma globulin entry into the CSF. The absence of immunostaining in the cytoplasm of the choroidal epithelial cells as well as in the intercellular regions mitigates against a direct role of the choroid plexus in the regulation of entry of gamma globulin into the CSF. 3'18 The presence of labeled surface immunoglobulins further supports the role of the choroidal epithelium as a barrier to immunoglobulin movement across this membrane.
Macrophages have important functions in the immune system, and have been reported in the choroid plexus. 6 Despite careful examination of numerous areas of the choroidal epithelium and its associated supporting elements, these cells were not found to be a component of the choroid plexus. The use of peanut agglutinin, a functional marker for macrophages, may in part be responsible for differences from previous studies which relied exclusively on routine morphological identification. These mobile cells may be transiently present in the plexus, but their numerical significance as part of the normal population seems minimal.
Alterations in the integrity of the vascular endothelium might serve as a possible route for gamma globulins to enter the CNS from the systemic circulation. The description by Broadwell and colleagues 4 of a route from the blood to the brain in the region of the median eminence may provide a pathway for immunoglobulin entry into the CNS under normal conditions. The absence of a demonstrable role for the choroid plexus in the entry of these proteins into the CSF indicates that the final protein composition of CSF is achieved through several routes in a manner more complex than previously recognized.
